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Edited by Lukas HuberAbstract The Drosophila mats gene plays a critical role in
growth control. Using molecular genetic approaches we investi-
gated how mats is regulated in development. A 2236-bp genomic
sequence that contains entire mats including upstream and down-
stream intergenic regions can rescue mats mutant phenotypes,
indicating that regulatory elements necessary for proper mats
expression are mostly retained. However, constructs without
the upstream or downstream intergenic region failed to rescue
mats mutants, demonstrating the functional importance of these
sequences. Moreover, mats expression is reduced in matse17, a
mats allele with over one-third of the downstream intergenic re-
gion deleted. Consistent with a model that the downstream inter-
genic region is critical for mats activity, this sequence contains
evolutionarily conserved elements and has enhancer activities.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Tissue growth and organ size are determined by coordinated
cell proliferation and apoptosis in development. Unrestricted
cell proliferation and apoptosis are hallmarks of cancer. Re-
cent research in Drosophila has contributed to characterizing
the Hippo (Hpo) signaling pathway that controls both cell pro-
liferation and apoptosis [1]. The Hpo pathway includes a num-
ber of growth-inhibitory proteins: Hippo (Hpo) kinase, Warts
(Wts)/large tumor suppressor (Lats) kinase, Mob as tumor
suppressor (Mats), a scaﬀold protein Salvador (Sav), two
FERM domain proteins Merlin (Mer) and Expanded (Ex),
and a protocadherin Fat (Ft). A growth-promoting factor
Yorkie (Yki) is a major downstream target of this growth-
inhibitory pathway [1–3]. All components in this pathway
are conserved from ﬂies to humans, and this signaling pathway
appears to operate in mammalian cells [4].*Corresponding authors. Address: Department of Biology, 201 Life
Sciences Building, The Pennsylvania State University, University Park,
PA 16802, USA. Fax: +1 814 863 1357 (Z.-C.L.); +86 10 62756185
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doi:10.1016/j.febslet.2008.04.050mats is a Drosophila member of the mob super family, which
has been better studied in yeast, Drosophila and mammalian
cells [5–8]. Loss of mats function results in increased cell pro-
liferation, defective apoptosis, and induction of tissue over-
growth [6]. Mats associates with Hpo in a protein complex
and is a target of the Hpo kinase. Mats phosphorylation by
Hpo increases its aﬃnity with Wts/Lats kinase and its ability
to upregulate Wts catalytic activity to target downstream mol-
ecules such as Yki [8]. As a human mats ortholog (MATS1)
can rescue the lethality associated with loss of mats function
in Drosophila and is mutated in some mammalian tumors
[6], mats-mediated growth inhibition and tumor suppression
is likely conserved. In this study we focused on investigating
how mats expression is regulated during development.
Comparative analysis of DNA sequences from closely re-
lated species provides a powerful strategy for identifying func-
tional elements such as genes and their regulatory sequences
[9]. This approach is based on the assumption that functionally
important genomic elements evolve more slowly than non-
functional sequences due to selective constraints. Utilization
of this approach has been shown to be an eﬀective way for
genomic functional studies [10].
We used VISTA Browser [11] to analyze the mats locus on
chromosome 3R of the Drosophila melanogaster genome and
identiﬁed highly conserved elements in the mats downstream
intergenic region in addition to other conserved elements with-
in the mats locus. Through a transgenic approach, we found
that both upstream and downstream intergenic regions are
critical for mats gene activity and the downstream intergenic
region possesses enhancer activities. Moreover, our molecular
genetic analysis of matse17 further support that this down-
stream intergenic region is required for mats gene activity.2. Materials and methods
2.1. Drosophila stocks
w1118 and w; Dr1/TM3, SbD2-3 ﬂies were used to make transgenic
ﬂies, and w; Adv/SM1; Sb/TM6 ﬂy was used to map chromosomal
location of transgenes. Df(3R)17D1 (93E-F; 94B-C) is a deﬁciency
chromosome in which mats is completely deleted. While matse17 is a
viable mutation, there is an unidentiﬁed lethal mutation on the matse17
chromosome which is not covered by Df(3R)17D1 (this lethal muta-
tion does not dominantly aﬀect mats). Rescue experiments were done
with two mats mutant alleles, matsroo and matse235. w1118 was used as
a control in semi-quantitative RT-PCR and ﬂuorescence report exper-
iments. All stocks were maintained on standard yeast-agar medium at
18 or 25 C.blished by Elsevier B.V. All rights reserved.
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Wild-type genomic fragments, mats (covering the 2236-bp region of
the D. melanogaster mats gene), matsD5 (deleting the 5 0 intergenic
region) and matsD3 (deleting the 3 0 intergenic region) were generated
by PCR, and cloned into the KpnI and XbaI sites of pBluescript II
SK+ vector. Positive clones were veriﬁed by DNA sequencing. The
primers were mats-FW, 5 0-CGGGGTACCGATTGCGAAATGT-
TAGGGAC-3 0 and mats-RV, 5 0-CGCGGTCTAGAGTGTCAATA-
CACGATAAACC-30; matsD5-FW, 5 0-CGGGGTACCATAACCT-
GTCGCGTTGTCCC-30 and matsD5-RV, 5 0-CGCGGTCTAGAGT-
GTCAATACACGATAAACC-3 0; matsD3-FW, 5 0-CGGGGTACC-
GATTGCGAAATGTTAGGGAC-3 0 and matsD3-RV, 5 0-CGGTCT-
AGAAGTGGGAGGCACCCCATGAA-30 (restriction enzyme clon-
ing sites are underlined).
The mats gene fragments were then digested with KpnI and XbaI,
and subcloned into the KpnI and NheI sites of pH-Stinger transforma-
tion vector [12] which contained a GFP report gene under the control
of a minimal promoter (XbaI and NheI are isocaudomers with the
same GATC extensions). Germline transformation was done as de-
scribed [13]. pH-Stinger-mats-458 was similarly generated. All pH-Stin-
ger-based DNA constructs were introduced into w1118 and/or w; Dr1/
TM3, SbD2-3 embryos and mapped to chromosomes following stan-
dard protocols. For each DNA construct, at least three independent
insertion strains were obtained.
2.3. RNA extraction and semi-quantitative RT-PCR
For semi-quantitative RT-PCR from various developmental stages,
total RNA was isolated from embryos, larvae and adults with Trizol
(Invitrogen) according to the manufacturers protocol, and re-sus-
pended in RNase-free water. First-strand cDNA was generated from
10 ll of these samples using random primers with the M-MLV Reverse
Transcriptase System (50 ll in total volume) (Promega). cDNA (1 ll of
RT reaction) was used for each RT-PCR reaction and ampliﬁed withFig. 1. mats expression in wild-type ﬂies and matse17 mutants. (A) (top
two panels) RT-PCR results showing the expression level of mats gene
at diﬀerent stages of development. First three lanes: 0–0.5, 6–6.5 and
18–18.5 h-old embryos; middle four lanes: L1, L2, L3(e), L3(l) denote
ﬁrst, second, early and late third instar larval stages; middle two lanes:
Pu(e) and Pu(m) denote early and mid pupal stages; last two lanes: M
and F denote male and female adults. (bottom two panels) RT-PCR
results showing the expression level of mats gene in 0–6 h-old embryos.
(B) RT-PCR analysis indicates that mats expression is reduced nearly
50% in matse17/Df(3R)17D1 mutants compared to that of +/
Df(3R)17D1 control ﬂies. Gapdh2 was used as a loading control in
all experiments in (A) and (B).Taq DNA polymerase (Tiangen). Genomic DNA from wild-type ﬂies
was used as a positive PCR control, and a noreverse-transcriptase
(no-RT) reaction on wild-type RNA served as a negative control.
The primers used for semi-quantitative PCR were: mats-forward 5 0-
GACTTCTTGTTCGGTTCCC-3 0 and mats-reverse 5 0-CAAGCGT-
CACCACCTCTG-3 0 (PCR product is 517 bp); Gapdh2-forward
5 0-TGGGATACACCGATGAGG-3 0 and Gapdh2-reverse 5 0-GCAT-
TTCAGAGCATAGCG-3 0 (PCR product is 366 bp).2.4. Immunostaining of larval tissues
The guts were taken from 6 h starved third instar larvae and ﬁxed
with 2% paraformaldehyde. Mouse polyclonal anti-Mats antibody
was diluted (1:100) in phosphate buﬀer containing 0.1% Triton X-
100, 0.3% sodium deoxycholate for probing endogenous Mats expres-
sion at 4 C for overnight. The samples were further incubated with
goat anti-mouse Alexa 568 (Molecular Probes) secondary antibody
and Draq 5 (1:500) nucleus staining (Biostatus) at room temperature
for 3 h. Sequential scans were made using an Olympus FV300 laser
scanning confocal microscope.2.5. Fluorescent microscopy
Tissues of third instar larva and adult were dissected and examined
by phase contrast and ﬂuorescence microscopy. Images were captured
with a Zeiss AxioCamMRm CCD camera linked to a Zeiss Imager Z1
microscope using Axiovision (Rel. 4.5) software and imported into
Photoshop (Adobe).
2.6. Viability statistics
Embryos were collected on egg-laying medium (5 g agar, 5 g sucrose,
10 ml apple juice, 90 ml water). Hatched larvae were then picked and
cultured in the standard medium at 25 C. The ones that developedFig. 2. Analysis of matse17 mutants. The e17 allele failed to comple-
ment the tissue overgrowth phenotype of mats mutations. Two
examples of overgrown tissues (pointed by arrows) of e17/matse235
ﬂies are shown in humerus (A) and mesopleuron (B) locations. (C and
C00) Immunostaining of larval gut derived from +/Df(3R)17D1 with
Mats antibody (C) and a DNA dye Drag 5 (C 0). (C00) represents a
merged image. The white lines identify a region located just posterior
to proventriculus that exhibited higher levels of Mats expression. (D
and D00) Immunostaining of larval gut derived from matse17
Df(3R)17D1 with Mats antibody (D) and a DNA dye Drag 5 (D 0)
(D00) represents a merged image. The white lines identify a region where
Mats expression is reduced. Proventriculus is indicated by a ‘‘*’’ sign in
(C, C 0, C00 and D, D 0, D00)./
.
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2.7. Genomic DNA extraction and PCR
To verify the genotype of the P[mats-2236]; matsroo and P[mats-
2236]; matsroo/matse235 rescued adult ﬂies, genomic DNA was
extracted with Wizard SV Genomic DNA Puriﬁcation System (Prome-
ga). To avoid the interference of P[mats-2236] transgene, the Roo
primers were located in the ﬁrst exon of the mats gene and the
CG13848 gene. As expected, the PCR product of w1118 was 2388-bp
and products of rescued ﬂies were 2816-bp (data not shown). The
primers used were Roo-forward: 5 0-AATAAAGCTGCTGACACG-
3 0 and Roo-reverse: 5 0-TAGGTGGGTTGTATGTTCT-3 0.3. Results and discussion
3.1. mats is expressed throughout development
To facilitate functional analysis of the mats gene, expression
of mats during normal development was examined. Through a
RT-PCR approach, mats mRNA was detected in embryos, lar-
va, pupa and adults (Fig. 1A). This expression pattern is con-
sistent with a general role of mats in developing tissues [6].
Moreover, mats mRNA was detected before midblastula tran-Fig. 3. Identiﬁcation of evolutionarily conserved elements in the mats locus. V
3R of theD. melanogaster genome (April 2004), accessible through the gatewa
for the eight-way D. melanogaster–D. simulans–D. yakuba–D. erecta–D. anan
Conserved sequences in VISTA (70%/100-bp cut-oﬀ) are colored according
pink). Details of the display are given in the legend on the left-hand side ofsition (Fig. 1A), supporting the idea that mats is a maternal ef-
fect gene [14].
3.2. Deletion of the downstream intergenic region reduced mats
function
In an eﬀort to generate additional mats alleles using a P-ele-
ment excision approach [6], a new mats allele e17 was isolated
for its inability to complement the tumor phenotype of matsroo
and matse235 alleles (Fig. 2A and B). For instance, half of e17/
matse235 ﬂies exhibited aberrant tissue outgrowth phenotype
(n = 26). Interestingly, e17 allele complemented the lethality
of matsroo, matse235, as well as a deﬁciency Df(3R)17D1, sug-
gesting that matse17 is a hypomorphic allele. As only occasion-
ally matsroo/+ or matse235/+ heterozygous ﬂies were observed
to develop tumors, loss of heterozygosity (LOH) was unlikely
fully responsible for the tumor phenotype of matse17/matsroo
and matse17/matse235 ﬂies. Through molecular analysis, we
found that the coding region of mats was still intact in e17 mu-
tants. However, a 150–250 bp sequence within the mats down-
stream intergenic region was deleted (Figs. 3 and 4A).
Therefore, this mats downstream intergenic region must beISTA Browser display of 3 kb fragment of mats gene on Chromosome
y at http://wwwgsd.lbl.gov/vista or http://pipeline.lbl.gov. VISTA plots
assae–D. pseudoobscura–D. mojavensis–D. virilis alignments are shown.
to the annotation (exons-dark blue, UTRs-turquoise and non-coding-
the plot. DNA deleted in matse17 is indicated by a thick line.
Fig. 4. A schematic diagram of the mats locus and genomic fragments used in making transgenic ﬂies. (A) (top) The map of the D. melanogaster mats
locus. The positions of exons in the mats gene are represented by boxes with the coding region in gray. The positions of exons in the Nop56 and
CG13848/Pinta are represented by boxes with the coding region in black. Also, the intergenic regions between mats and surrounding genes are
represented by straight lines. Arrows on the top of DNA structure indicate direction of gene transcription. Arrows underneath the DNA structure
indicate two primers used for RT-PCR. DNA deleted in matse17 is indicated by a thick line. (bottom) Genomic fragments used to make pH-Stinger-
based rescue and GFP reporter constructs. The mats fragment includes the 86-bp upstream intergenic region, mats gene transcribed region and the
458-bp downstream intergenic region. The upstream intergenic region is deleted in matsD5 and the downstream intergenic region is deleted in
matsD3. The 458-bp fragment contains only the downstream intergenic region. The ‘‘+’’ sign indicates rescue of mats mutant and ‘‘’’ no rescue.
ND: not determined. (B) The mats-458 sequence displays property of enhancer. The anterior portion of the midgut derived from P[mats-458]
transgenic larvae is shown to exhibit GFP reporter expression. (C) As a negative control, normal larval gut did not exhibit any GFP signal. A bright
ﬁeld image (C 0) shows the identical larval tissue used in (C).
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intergenic region contains regulatory elements critical for mats
gene activity.
To test this hypothesis, mats mRNA levels in matse17 mu-
tants were examined. As shown in Fig. 1B, matse17 mutation
caused nearly 50% reduction of mats expression. Moreover,
Mats protein expression was examined in developing tissues.
While Mats was found to be generally expressed throughout
the larval gut with higher levels of expression in certain regions
such as the anterior end of midgut in normal tissues (Fig. 2C,
C 0 and C00), reduction of Mats expression was observed in the
gut including these regions in matse17 mutants (Fig. 2D, D 0 and
D00). These results support a model that the 3 0 intergenic region
is critical for mats gene activity by regulating its expression.3.3. Identiﬁcation of sequences in the mats locus that are highly
conserved in Drosophila
Comparative analysis of DNA sequences from closely re-
lated species provides a powerful strategy for identifying po-
tential regulatory sequences. Here we used VISTA Browser
to analyze a 3-kb region that includes the entire mats gene to
identify conserved sequences that may regulate mats expres-sion. The pre-computed alignments for the sequence from
eight closely related Drosophila species (D. melanogaster, D.
simulans, D. yakuba, D. erecta, D. ananassae, D. pseudoobscu-
ra, D. mojavensis and D. virilis) are visualized (Fig. 3). In addi-
tion to the mats coding region, this 3-kb fragment contains the
5 0 end of an upstream gene Nop56, the 3 0 end of a downstream
gene CG13848/pinta and the intergenic sequences between mats
and these two genes. As expected, coding regions are highly
conserved, whereas introns and intergenic regions are generally
less conserved (Fig. 3). However, the mats downstream inter-
genic region (458-bp) contains several conserved elements in
all eight species (Fig. 3). The sequence deleted in matse17 in-
cludes a highly conserved 115-bp sequence (Figs. 3 and 4A).
Thus, these conserved elements likely play a critical role in reg-
ulating mats gene activity.3.4. The 2236-bp genomic sequence can rescue mats mutations
To test the function of conserved elements in mats intergenic
regions, we established an in vivo functional assay. To begin
with, multiple lines of transgenic ﬂies that carry a 2236-bp mats
genomic sequence were generated. This mats-2236 transgene
includes mats 5 0 intergenic region, 5 0 UTR, exons, introns, 3 0
1770 Y. Yang et al. / FEBS Letters 582 (2008) 1766–1770UTR and 3 0 intergenic region (Fig. 4). Then, the ability of
mats-2236 to rescue phenotypes of mats mutants was exam-
ined. The matsroo homozygous as well as matsroo/matse235 dou-
ble heterozygous ﬂies died at the second instar larval stage. In
the presence of two copies of the mats transgene, 60% (n = 72)
of matsroo homozygous ﬂies survived to the pupal stage and
some (25%) can even survived to the adult stage. Similar re-
sults were observed with matsroo/matse235 ﬂies. Therefore, this
2236-bp mats DNA can rescue mats mutations and must in-
clude most, if not all, regulatory elements for mats expression.
Occasionally, some rescued mats mutant ﬂies developed small
tumors, suggesting that mats-2236 may still miss some regula-
tory elements for a complete rescue of mats mutant pheno-
types. Alternatively, expression of mats-2236 may not be
exactly the same as that of endogenous mats due to new chro-
matin environment. Indeed, RT-PCR analysis revealed that
the expression level of mats-2236 was close but still somewhat
lower than that of endogenous mats (data not shown).3.5. Both upstream and downstream intergenic regions are
critical for mats function
To reveal the functional importance of mats intergenic re-
gions, matsD5 and matsD3 constructs were generated to re-
move the 86-bp upstream and the 458-bp downstream
intergenic regions, respectively (Fig. 4A). Corresponding
transgenic lines were then established. Using the rescue assay
described above, the ability of matsD5 and matsD3 to rescue
mats mutants was examined. We found that neither matsD5
nor matsD3 can rescue the lethal phenotype of mats mutants
(Fig. 4A). Thus, both 86-bp upstream and 458-bp downstream
intergenic regions are required for mats gene activity.
Although not being highly conserved, the 86-bp upstream
intergenic region likely serves as a promoter and plays a critical
role in initiating mats transcription. The 458-bp downstream
intergenic region, however, may be involved in regulating mats
expression via enhancer action or other mechanisms such as
non-coding RNA.
3.6. The 458-bp mats downstream intergenic region displays
property of enhancer
The pH-Stinger transformation vector used in this study
contains a GFP reporter gene under the control of a minimal
promoter, and this vector was designed for enhancer detection
by monitoring GFP expression [12]. As previously reported,
the pH-Stinger vector by itself can mediate GFP expression
in larval salivary gland [15]. Indeed, GFP expression in this tis-
sue was activated in mats-458 (both orientations) and all other
transgenic lines bearing various mats transgenes. However,
mats-2236 and matsD5 but not matsD3 were able to drive
GFP expression in larval gut tissues (data not shown). GFP
expression was also activated in transgenic larval guts that
contain either forward or reverse mats-458 transgene (2/4 lines)(Fig. 4B). These results support the idea that the mats down-
stream intergenic region plays a role in driving mats expres-
sion.
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